Constitutively active nitric oxide synthases (NOS) are a unique class of NADPH-dependent, calcium/ caimodulin-dependent enzymes that catalyze the conversion of L-arginine to nitric oxide and L-citrulline. However, little is known about the molecular similarities or differences between the two prototypical constitutive NOS enzymes, endothelial NOS (ECNOS) and brain NOS (bNOS). The aims of this study were to begin characterizing the gene structure and tissue distribution of messenger RNAs (mRNAs) for ECNOS and bNOS and to examine the immunological resemblance of the proteins by Western blotting. Full-length complementary DNAs (cDNAs) encoding bovine ECNOS and rat bNOS hybridized, under high stringency, to different-sized fragments of endonuclease-digested bovine, rat, and human genomic DNA. In addition, more than one fragment was detected with both cDNAs, suggesting that ECNOS and bNOS genes contained multiple introns. Tissue distribution of ECNOS mRNA (4.4 kb) and bNOS mRNA (9.5 kb) in the rat was detected by Northern blotting. Patterns among tissue extracts were strikingly different, with ECNOS mRNA being most abundant in aorta, heart, lung, kidney, adrenal gland, spinal cord, and urogenital tissues and bNOS mRNA most prominent in brain regions, intestine, stomach, spinal cord, adrenal gland, and aorta. Interestingly, ECNOS cDNA detected two equally abundant RNA transcripts (4.4 and 4.0 kb) in most brain regions tested, suggesting an alternative splicing of the ECNOS pre-mRNA. Western blotting, using an ECNOS monoclonal antibody, recognized ECNOS protein from native bovine endothelial cells, cultured bovine endothelial cells, and COS cells transfected with ECNOS cDNA but did not recognize purified bNOS. Collectively, these data demonstrate that ECNOS and bNOS are encoded by different genes, expressed in distinct but overlapping tissues, and are immunologicaHy different proteins. (Hypertension 1993^1:934-938) KEY WORDS • nitric oxide • blotting, Northern • RNA • genes T he nitric oxide synthase (NOS) family of proteins represents a novel class of mammalian enzymes that converts L-arginine to nitric oxide and L-citrulline. NOS are unique proteins inasmuch as they contain protoporphyrin iron characteristic of cytochrome P-450 hemoproteins 1 and cofactor binding domains for flavin adenine dinucleotide, flavin mononucleotide, and NADPH as seen in cytochrome P-450 reductase.
T he nitric oxide synthase (NOS) family of proteins represents a novel class of mammalian enzymes that converts L-arginine to nitric oxide and L-citrulline. NOS are unique proteins inasmuch as they contain protoporphyrin iron characteristic of cytochrome P-450 hemoproteins 1 and cofactor binding domains for flavin adenine dinucleotide, flavin mononucleotide, and NADPH as seen in cytochrome P-450 reductase. 2 To date, several isoforms of NOS have been isolated and characterized based on subcellular localization and calcium dependence of enzymatic activity. 3 Molecular cloning of brain NOS (bNOS), 2 macrophage NOS, 4 -6 and, most recently, endothelial NOS (ECNOS) 7 -10 demonstrates approximately 50% identity among the deduced proteins, indicating that these NOS enzymes are coded for by a gene family.
Purified constitutive forms of NOS, ECNOS, and bNOS have similar K m values for L-arginine, calcium, and other cofactors; produce nanomoles of nitric oxide; and are inhibited to the same extent by guanidinosubstituted arginine analogues.
11
- 12 The most prominent difference is that bNOS is primarily a cytosolic protein, 11 whereas ECNOS is membrane associated. 12 The differences in cellular localization may reside in the presence of an amino terminal myristylation signal on ECNOS not found on the cytosolic bNOS or macrophage NOS.
7 ' 8 Thus, to understand further the similarities and differences of ECNOS and bNOS, the purpose of this study was to characterize the gene structure, messenger RNA (mRNA) distribution, and immunological resemblance of the proteins.
Methods

Southern Blot Analysis
Bovine, rat, and human genomic DNA (25 ^g) was digested with restriction enzymes, EcoBl or Xba I, for 24 hours at 7>TC. Recognition sites for these two enzymes are not found in the coding region of bovine ECNOS 7 
Northern Blot Analysis
Male and female Sprague-Dawley rats (175 to 225 g) were anesthetized by an intraperitoneal injection of pentobarbital (60 mg/kg) and decapitated. RNA was prepared from regions of the central nervous system (olfactory bulb, cortex, hippocampus, basal ganglia, thalamus, hypothalamus, colliculi, midbrain, pons, cerebellum, and spinal cord) and peripheral tissues (tongue, atria, ventricle, lung, kidney, liver, stomach, small intestine, large intestine, aorta, adrenals, diaphragm, bladder, uterus, testes, seminal vesicles, prostate, epididymis, and vas deferens) by guanidine isothiocyanate extraction 13 and poly A + RNA selected by oligo (dT) chromatography. 14 RNA (3 or 5 ^g) was denatured by heating (65°C) in 50% (vol/vol) formamide/4.4 M formaldehyde and electrophoresed through a 1.2% agarose gel containing 2.2 M formaldehyde, transferred to a nylon membrane, and hybridized to 32 P-labeled cDNA by standard methods. Blots were washed twice in 2x SSC/0.1% sodium dodecyl sulfate for 15 minutes at room temperature, twice in 0.3 x SSC for 15 minutes at room temperature, then washed twice at high stringency in 0.3 x SSC/0.1% sodium dodecyl sulfate at 65°C; blots were then rinsed in 0.1 M phosphate buffer, pH 7.0, dried, and exposed to x-ray film in the presence of an intensifying screen for 4 to 5 days. After hybridization with ^-labeled ECNOS cDNA, the radionuclide was allowed to decay, and the RNA was then rehybridized with the bNOS cDNA.
Western Blot Analysis
Membrane proteins from freshly isolated or cultured bovine aortic endothelial cells (80 /xg each) solubilized with 3-[(3-cholamidopropyl)-dimethylammonio]-l-propane-sulfonate (CHAPS), ADP-Sepharose-purified ECNOS (0.9 tig), purified bNOS (1 jig), 12 and crude membranes from sham or ECNOS transfected COS cells (50 Atg) 7 were electrophoresed on 7.5% polyacrylamide gels and blotted as described previously. 13 
Results
To examine whether bovine ECNOS and rat bNOS are coded by distinct genes, we hybridized ECNOS and bNOS cDNAs to restriction endonuclease-digested bovine, rat, and human genomic DNA. As shown in Figure 1 , the ECNOS cDNA hybridized strongly to fragments of bovine and human genomic DNA and to a lesser extent to rat DNA. Both £coRI and Xba I digestion of bovine genomic DNA yielded two high molecular weight fragments (>12 kb) that are larger than the coding region of the ECNOS cDNA (3,615 bp). 7 - 8 Multiple, large restriction fragments were seen also in human genomic DNA, suggesting that the coding region of the human ECNOS gene is disrupted by introns. Similarly, rat bNOS cDNA strongly hybridized to restriction endonuclease-digested bovine, rat, and human genomic DNA. Digestion of genomic DNA yielded hybridization fragments that were larger than the coding region for the bNOS cDNA, 2 consistent with multiple introns in the bNOS gene. Because sites for£coRI or Xba I are not present in the coding region of either the ECNOS or bNOS cDNA 2 -7 -8 and the restriction fragments to ECNOS and bNOS cDNAs were different (Figure 1) , we conclude that these cDNAs are encoded by different genes.
Bovine ECNOS cDNA hybridizes to a 4.4-kb transcript in RNA extracts from bovine, rat, human, or rabbit endothelial cells, demonstrating that this RNA is well conserved among mammalian species. 7 Thus, we compared the accumulation of ECNOS and bNOS mRNAs in extracts of central nervous system and peripheral tissues of the rat by Northern blot analysis. As shown in Figure 2 , bovine ECNOS cDNA hybridized to two mRNAs (approximately 4.4 and 4.0 kb) in most rat brain regions, whereas only one band (4.4 kb) was detected in spinal cord
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and peripheral tissue extracts (Figures 3 and 4) . ECNOS mRNAs appeared to be distributed equally throughout the central nervous system, whereas the majority of bNOS mRNA (>9.5 kb) 2 resided in the hippocampus, hypothalamus, basal ganglia, colliculi, midbrain, and cerebellum. An abundance of ECNOS mRNA was found in tongue, atria, ventricle, lung, and kidney extracts, with lesser amounts in stomach, intestine, and liver extracts ( Figure  3 ). In contrast, very little bNOS mRNA was found to accumulate in atria, ventricle, lung, kidney, and liver, with moderate amounts in stomach, tongue, and small and large intestines. ECNOS mRNA was distributed equally throughout aorta, adrenal, and urogenital tissues, and bNOS mRNA was detectable in aorta, adrenals, seminal vesicle, and vas deferens (Figure 4) . The lower band (approximately 3 kb) in tongue ( Figure 3 ) and testes ( Figure 4 ) is apparently not large enough to code for ECNOS or bNOS and might represent RNA degradation products or novel mRNAs for other forms of NOS.
To examine if ECNOS and bNOS proteins are immunologically similar, we performed Western blotting using a monoclonal antibody raised against purified ECNOS. seen in Figure 5 , a single immunoreactive band corresponding to a molecular weight of 135 kd was found in CHAPS-solubilized membranes from freshly harvested and cultured bovine aortic endothelial cells (lanes 1 and
2), ADP-Sepharose-purified ECNOS (lane 3), and membranes from COS-1 cells transfected with ECNOS cDNA (lane 6) but not in purified rat bNOS (lane 4) or sham transfected COS cell membranes (lane 5).
Discussion This study demonstrates that ECNOS and bNOS proteins are coded for by separate genes. This is supported by differential hybridization of ECNOS and bNOS cDNAs to restriction-digested genomic DNA from three species, heterogeneous tissue distribution of rat ECNOS and bNOS mRNAs, and immunological recognition of ECNOS, but not bNOS, by an ECNOS monoclonal antibody. Our data support the findings that amino acid sequences of tryptic peptides prepared from purified bovine bNOS were different from the deduced amino acid sequence of the bovine ECNOS cDNA. 8 In addition, Southern analysis of restriction endonuclease- 
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digested bovine genomic DNA demonstrated different hybridization patterns, with a polymerase chain reaction product derived from bovine ECNOS or bovine bNOS. 8 ECNOS and bNOS cDNAs hybridized to multiple restriction endonuclease-digested fragments of genomic DNA from bovine, rat, and human ( Figure 1 ). The presence of multiple restriction fragments that were greater in size than the coding regions for ECNOS or bNOS cDNAs suggests multiple introns in the genes if each protein were encoded by a single gene. Preliminary evidence from a partial genomic clone of rat ECNOS suggests the presence of a single gene. 9 Collectively, the data support two different genes for the constitutive forms of NOS.
Previously, we showed that bovine ECNOS cDNA detects a single mRNA species (approximately 4.4 kb) in extracts of bovine and rat cultured endothelial cells but not in extracts of rat or bovine cerebellum. Conversely, rat bNOS cDNA only detects a >9.5-kb mRNA in rat cerebellar but not in endothelial cell extracts. 7 that ECNOS and bNOS are separate gene products. With this information, we mapped ECNOS and bNOS gene expression in the rat. Interestingly, there are two ECNOS transcripts (4.4 and 4.0 kb) in various brain regions ( Figure  2 ), but only one form was detected in the spinal cord and other peripheral tissues. The equal distribution of these ECNOS mRNAs among brain regions suggests that the mRNAs might be of endothelial cell origin (i.e., vascular). The two RNAs for ECNOS are derived from a single gene. They might arise from alternative splicing of a pre-mRNA; conversely, they may arise via differential polyadenylation. The localization of bNOS in the central nervous system and spinal cord (Figure 2 ) corroborates the findings of Bredt et al 216 demonstrating a predominance of mRNA in cerebellum, olfactory bulb, hypothalamus, hippocampus, basal ganglia, and spinal cord, with less in extracts of the thalamus and cerebral cortex.
Mapping of ECNOS mRNA accumulation in peripheral tissues revealed an abundance in tongue, atria, ventricle, lung, kidney, aorta, and adrenal as well as through- out the urogenital tract (Figures 3 and 4) . The presence of ECNOS mRNA in rat lung and kidney supports a previous observation of ECNOS mRNA in extracts from the corresponding human tissues. 9 In another study, no ECNOS RNA was detected in extracts prepared from bovine heart, lung, adrenal gland, and kidney. 8 The reason for this discrepancy probably resides within the amount of RNA loaded for Northern blot analysis ( RNA in the present study). The presence of ECNOS mRNA in lung, heart, and kidney is predictable based on the relative abundance of endothelial cells in these tissues. However, a recent study examining calcium-dependent (constitutive) and calcium-independent (inducible) NOS activities in 100,000£ supernatants prepared from various rat organs failed to demonstrate appreciable enzymatic activity in heart, lung, or kidney. 17 This may be due to the majority of ECNOS protein residing in the microsomal (lOO.OOOg pellet) fraction, not in the cytosol. Clearly, in freshly isolated or cultured bovine endothelial cells, or in ECNOS transfected COS cells, greater than 95% of NOS activity resides in the paniculate fraction. 712 bNOS was localized primarily in organs containing neural elements, such as the stomach, intestines, adrenal gland, seminal vesicles, vas deferens, and aorta, with less in tongue and kidney. The presence of neuronal NOS in gastrointestinal tissues, seminal vesicles, and vas deferens supports the role of nitric oxide as a nonadrenergic, noncholinergic neurotransmitter involved in smooth muscle relaxation. 18 The abundance of bNOS mRNA in adrenal gland confirms immunohistochemical localization of bNOS protein to adrenal medullary cells.
19 Surprisingly, bNOS RNA was found also in aortic extracts. As bNOS cDNA does not hybridize to rat endothelial NOS under the conditions used in the present study, bNOS hybridization to an aortic transcript (>9.5 kb) probably reflects NOS in chromaffinlike periganglial cells that surround the aorta. Indeed, bNOS has been localized immunohistochemically in periadventitial tissue surrounding large cerebral arteries, 19 and soluble, calcium-dependent NOS activity has been demonstrated in thoracic aorta. 17 Poh/clonal antibodies to bNOS immunohistochemically stain an endothelial antigen, suggesting that bNOS and ECNOS are related proteins. 19 Results from genomic blots (References 8 and 9 and this study) and heterogeneous ECNOS and bNOS gene expression in rat tissues support the existence of separate genes for each of these proteins. This is confirmed by immunodetection of a single band of ECNOS protein from freshly isolated or cultured endothelial cells and membranes prepared from COS cells transfected with the ECNOS cDNA by Western blotting, thus supporting that ECNOS and bNOS are distinct but related proteins. As only a single RNA transcript hybridizes to ECNOS cDNA and a single band is detected by Western blotting of NOS activity purified from endothelial cells, it is likely that a single enzyme is responsible for basal and agonist-stimulated nitric oxide production by the endothelium.
In summary, ECNOS and bNOS are coded for by separate genes, expressed in a tissue-specific manner and immunologicalry distinct proteins. Anatomic mapping of cellular localization of ECNOS and bNOS by in situ hybridization will permit evaluation of the cell types expressing NOS. In addition, the information provided here will allow us to map NOS activities and protein in various rat tissues and to examine whether constitutive forms of NOS are affected by disease states associated with impaired production of nitric oxide such as hypertension, stroke, and myocardial ischemia/reperfusion injury.
